Abstract: Fiber-reinforced polymer (FRP) material is very interesting for its use as the sole material in the construction of structures because of its remarkable lightness, which reduces seismic forces; its ease of assembly; and its durability. All-FRP structures use bolted connections to form nodes between columns and beams, particularly steel bolts. This research focuses on the use of FRP pultruded plates instead of web and flange cleats for bolted beam-to-column joints. Currently, angles and bolts between columns and beams are widely employed, whereas bolted plates are still a novelty. Both experimental and numerical studies of two different configurations of bolted connections made by pultruded plates and C-shape FRP profiles demonstrated that the plates have considerable influence on the moment-rotation response of joints so that the joint's failure mode involves mainly the bolted plate. The experimental program in this paper determined the initial stiffness of each connection, the ultimate moment capacity, and the rotation associated with the ultimate strength. These results were then compared against numerical predictions obtained using a commercial code for finite-element analysis.
Introduction
In recent years, fiber-reinforced polymer (FRP) composites have emerged as an interesting construction material in the civil sector, mainly because of their high strength-to-weight and stiffness-toweight ratios, corrosion resistance, high durability, and high adaptability to different contexts and design needs (Agarwal et al. 2006; ASCE 1984) . They are interesting for the renewal of existing structures, especially in the rehabilitation of concrete structures such as buildings or bridges, and for new construction. Recent seismic events have emphasized the importance of seismic retrofits for existing structures throughout the world. As a matter of fact, one of the main current uses of this material is in strengthening concrete structures by means of externally bonded FRP reinforcement.
In addition to the consolidated use of FRP composites, a growing new technology is the design of all-FRP construction by means of structural pultruded profiles. Because of its mechanical properties, glass fiber-reinforced polymer (GFRP) is an alternative to conventional construction materials such as steel or wood (Bank 2006; Boscato et al. 2011) . The most widely known applications of GFRP are foot and road bridges (Keller 2003; Adilardi and Russo 2010; Boscato and Russo 2008) , temporary and emergency framed structures (Dicuonzo et al. 2008) , and independent lightweight structures in existing buildings (Keller 2003; Russo 2009, 2013) . It can also be used to increase the bending stiffness of existing floors with a very modest increase in weight or to build superimposed structures without excessive overload.
However, all-GFRP construction is limited by its structural joints, which represent structural discontinuities associated with stress localization.
Structural joints can be bonded or bolted; nevertheless, they often represent a gap in structural behavior because of their failure mode. Typically, bolted beam-to-column joints are formed using web cleats, web and flange cleats, GRP bolts, and, more frequently, steel bolts. The behavior of bolted connections between composite profiles is influenced by factors such as high-stress concentrations near bolt holes, no yielding capability, and reduced strength due to cleavage, net tension, shear-out, and bearing-mode failures (Turvey and Wang 2008) . Because the capacity of a structure is often limited by the capacity of its connections, an understanding of connection behavior is crucial and needs to be fully investigated.
In the last two decades, many studies have characterized connections between pultruded FRP elements. Reviews of experimental tests on bolted pultruded joints were conducted by Mottram and Zheng (1996) and Turvey and Cooper (2004) . They showed that the behavior of bolted connections is substantially described by the moment-rotation plot (M-θ). The M-θ response in beam-to-column joints is generally dominated by the moment M caused by loading on the beam and the rotation θ that is equal to the difference between the beam's end rotation and the column's rotation.
Experimental tests show that initial joint stiffness is determined by the stiffness of the connecting components, which are often GRP angle cleats rather than bolts. When steel bolts are used in these joints, they are generally sufficiently large to prevent failure of the bolt shank in shear; thus, they remain elastic. As rotation increases, the M-θ response becomes nonlinear because of progressive damage to pultruded components. The ultimate failure of bolted GRP joints is usually associated with brittle material failure, the form of which depends on both the relative strength of each element and the configuration of the joint. Recent work on FRP bolted connections (e.g., Qureshi and Mottram 2013 , 2014 , 2015 focused on the behavior of a beam-to-column joint connected to a central column through a pair of web cleats. Test results demonstrated that joints with FRP cleats failed because of delamination cracking at the top of the cleats; when the cleats were of steel, FRP failure occurred inside the column members. Based on these results, the most critical points in a beam-tocolumn bolted connection were demonstrated to be those near the fillet radius of a FRP web cleat, where tension, delamination cracking, and tensile tearing can occur.
This paper focuses on experimental and numerical studies of innovative beam-to-column joints connecting two C-shape PFRP profiles by means of a gusset bolted plate placed between the webs of the elements. This configuration is significantly different from traditional configurations because stresses and deformations are transferred from the column to the beam not through a web cleat but through a gusset plate. Reference is made to joints used for a covering structure of a historic church, S. Maria Paganica, that stroked and partially collapsed after the L'Aquila (Italy) earthquake on April 4, 2009 (Boscato et al. 2012; Russo 2013) . The all-FRP spatial-reticular structure of the church comprised elements realized through a composite cross section made by four C-shape bolted PFRP profiles; the assembly of structural profiles was made using FRP plates and steel bolts. The joint design was totally different from traditional design because the assembly of steel and FRP drew on a new hierarchy of strength and collapse mechanisms (Russo 2011 (Russo , 2012 . Fig. 1 shows the PFRP structure inside the church.
On the basis of the joints used in S. Maria Paganica, simplified beam-to-column connections were tested in the laboratory with inplane loading to evaluate the moment-rotation response of joints composed of very light and elastic-brittle material. This evaluation was very innovative because recommendations for an analytical approach to PFRP structures in seismic zones are still in progress. The first configuration comprised two C-shape PFRP profiles of size 152 × 43 × 9.5 mm, similar to those used in the nave of the church; the second configuration was realized by means of two "C-shape PFRP profiles of size 200 × 60 × 10 mm, similar to those placed in the apse. Because the second-order instability in compressed members had to be avoided (Di Tommaso and Russo 2003) , the column where the load was applied was stiffened by means of bolted plates against out-of-plane deformations.
The stress test configuration did not provide the same stress state of the spatial-reticular elements because the bolted connections were studied only under in-plane loading; therefore, the configuration could provide the moment-rotation response of the node without the effect of lateral torsional buckling failure or out-ofplane instability. 
Experimental Program

Specimens and Experimental Setup
The main purpose of this experimental study was to analyze the effects of a monotonic unidirectional load on the behavior of two types of beam-to-column joints. In the first configuration, the A connection, both the beam and the column comprised two "C"-shape PFRP profiles of size 152 × 43 × 9.5 mm and length 1,500 mm; the profiles were joined by four bolted plates of size 78 × 152 × 15 mm placed between them. The joint was realized by means of a gusset plate of size 230 × 362 × 15 mm that connected the bottom of the column with the center of the beam through 12 partially threaded Φ14-mm steel bolts and washers (Fig. 2) . The beam was simply supported at two points separated by a distance of 1,100 mm.
The instrumentation used for testing and evaluating the behavior of the joints consisted of 10 strain gauges, 4 displacement transducers, and 2 inclinometers, placed as shown in Fig. 3 : the inclinometers located on the web of the profiles (CH11 and CH12) allowed for reading rotations of each profile; the displacement transducers (CH13 and CH14) were employed to measure horizontal displacement in the direction of increasing force; and the remaining two displacement transducers (CH15 and CH16) were symmetrically placed on the beam flanges near the bolted plate to measure vertical displacements. The strain gauges placed around the bolts and on the plate were oriented according to the vertical and horizontal axes to check the state of plane stress as the load increased. In the experimental tests, under displacement control, the horizontal load was applied through a steel plate to a height of 835 mm from the bottom of the column.
The second connection (B) differed from the first one both in the geometry of the profiles and the bolted plate and in the number of steel bolts, but the test setup was the same. The beam and column comprised two C-shape PFRP profiles of size 200 × 60 × 10 mm and length 1,500 mm joined by 4 bolted plates of size 76 × 200 × 15 mm placed between them. The incremental load was applied at a distance of 811 mm from the bottom of the column. The geometrical characteristics are shown in Fig. 4 . The joint was realized by means of a gusset plate of size 350 × 433 × 15 mm that connected the beam and the column by 12 and 6 partially threaded Φ14-mm steel bolts, respectively. On Joint B, the instrumentation for monitoring local deformations was similar to that described for Node A (Fig. 5 ).
Fig. 3. Connection A: location of instrumentation
Before applying the horizontal load, torque had to be applied to the bolts to avoid the initial damage on the contact zone between the bolt shank and the section of the element due to crushing of the material in the direction perpendicular to the fibers (the direction in which the strength was lower). An initial tightening torque of 20 N · m was applied to all bolts, which corresponded to a prestress of 16 MPa on the surface contact between the washer and the profile. As for the initial tightening torque, in absence of applicable specific standards, reference is made to values proposed in the literature (Cooper and Turvey 1995; Khashaba et al. 2006) Mechanical properties of the GFRP plates and profiles are shown in Tables 1-3. As for structural profiles, the x-axis represented the position along the longitudinal axis of the element (i.e., the direction of pultrusion), and the y-and z-axes defined the orientation of the cross-sectional plane of the element. The x-axis of the plates represented the direction perpendicular to the plane of the element, and the y-axis indicated the direction of the longitudinal fibers, oriented with respect to the largest dimension. The main results are described in the following sections.
Experimental Results for Joint A
To verify the behavior of the node under very low stresses, preliminary static tests with maximum horizontal displacements (D max ) of 10 mm and 20 mm were performed on Joint A. The joint underwent a significant decrease in stiffness between each loading cycle (it decreased by 30% between the first and second cycles and by 5% between the second and failure cycles) until a value of 194 kN · m was reached in the static failure test. This decrease in stiffness was due to progressive damage of the bolted plate, in which the bolt shank induced a bearing failure mode. The moment-rotation response obtained by the failure static test was affected by a gradual loss of stiffness as the deformation proceeded: a maximum moment of 12 kN · m was reached at a rotation of 0.11 rad. The column was then rigidly rotated under constant load until failure.
It was interesting to observe that the damage affected only the bolted plate whereas the structural profiles remained intact (Fig. 6 ). Because the global behavior of the node was heavily influenced by the bolted plate, the horizontal beam was not involved in the connection rotation; as a matter of fact, the two transducers, CH15 and CH16, which monitored any vertical deflection of the beam and were symmetrically located with respect to the bolted plate, recorded maximum vertical displacements of approximately 2.2 mm and 1 mm, respectively (Fig. 7) . Even the inclinometers placed on the web of both the beam and the column confirmed what was observed: during the test, they recorded a maximum beam rotation of approximately (1.75 × 10 −3 ) rad whereas the column reached a rotation of 0.18 rad.
The torque values on each bolt were measured by a torque wrench after the failure static test; they varied from a minimum of 21 N · m to a maximum of 60 N · m. The highest torque values were recorded near Holes 3-9 and 12 (Fig. 8) , where the compressive stress perpendicular to the fibers was greater than 40 MPa. The compressive stress due to tightening the torque of the other bolts ranged 25-40 MPa, with the exception of bolts 1-4 and 6, where it was less than 25 MPa. The maximum stress was still less than the nominal strength of a pultruded FRP profile in the plane perpendicular to the pultrusion direction (80 MPa).
In accordance with the applied load pattern, close to strain gauge 1 and 2, the profile was under tensile stresses in the direction perpendicular to the longitudinal axis and under compression stresses along the direction of pultrusion. In contrast, Strain Gauge 4 was subject to tensile stresses and Strain Gauge 5 was subject to compressive stresses oriented with respect to the longitudinal axis of the column (Fig. 9) . The monitored state of stress in the profiles was less than the ultimate strength of the material, confirming that both the beam and the column remained substantially intact during the test.
Experimental Results for Joint B
The failure static test on Joint B demonstrated that in preliminary tests with maximum displacements of 10 and 20 mm, the global stiffness remained constant. The ultimate resistance moment of the joint was 21 kN · m, and its flexural stiffness was approximately 560 kN · m=rad. Pictures of the joint before and after the static test showed that the pultruded profiles suffered no visible damage ( Fig. 10) and that the flexural stiffness of the node was substantially governed by the behavior of the bolted plate because transducers symmetrically placed with respect to the bolted plate recorded small vertical beam displacements comparable to those reported previously for Node A. Strain gauge measurements showed that the upper part of the connection, where there were fewer bolts, was the most stressed area, even if maximum stresses remained below the resistance value of the material. Additionally, the compressive stress distribution due to bolt torques in the direction orthogonal to the plane of elements was representative of the stress distribution on the connection during load application; only the tightening torques of bolts 1, 4, and 6, in the upper part of the joint, were greater than 20 MPa, as shown in Fig. 11 .
Comparison of the moment-rotation curves obtained from experimental data on Connections A and B showed that there was a significant difference between the two responses ( Fig. 12) : the first connection was affected by a consistent loss of initial rotational stiffness due to large stress and strain concentration on the bolted plate, even for small load increments. For this reason, this first connection seemed to be less rigid and less resistant than the second one. Moreover, the damage phenomena on Joint B were very limited and the sudden failure of the bolted plate was accompanied by an important acoustic emission; the damage at the first row of bolts in the upper part confirmed the brittle behavior of the node in the last stage.
Finally, it was observed that the nonlinear behaviors of both connections were very limited: considering the relationship between yielding rotation and plastic rotation (μ) to be a measure of node ductility, as shown in Fig. 12 , this ratio was approximately 1.3 in both cases.
Because there was damage to the connection where there were fewer bolts, it was clear that fewer bolts caused a concentration of in-plane stress, leading to local failure of the pultruded elements around the bolt holes, especially where the plate was under tensile stresses. On the plate of Joint A, the damage was more diffused and bearing failure occurred near the edges of both the left and right holes (Fig. 13) for steel bolts equally distributed in the joint zone.
Finite-Element Analysis
Global Model Description
To accurately predict the physical behavior of the bolted joints, a detailed three-dimensional finite-element (FE) model was developed for Connections A and B using ANSYS 15. The proposed models were based on the geometry and mechanical properties of elements joined through a bolted plate, and they took into account pretension effect and contact behavior between the FRP and the steel bolts.
The most important geometric details of the structures were modeled by CAD software. The resulting model was then imported into ANSYS, where material properties such as mass density, Young's modulus, Poisson's ratio, and shear modulus were assigned to each element. The boundary and loaded conditions for the model were chosen according to the test setup: the lower sides of each bolted plate placed at the beam ends were fixed, and the horizontal displacement increments were applied to the column. Each of these tasks had its own set of issues that affected the ability of the software to converge and give accurate results. Fig. 6 . Failure static test of Connection type A: (a) residual deformation on the node after testing: (b) bolted connection; (c) damage on the bolted plate at the tested end All three-dimensional components were meshed with tetrahedral solid elements named SOLID187. These elements were defined by 10 nodes having 3 degrees of freedom at each node, with translations in the nodal x-, y-, and z-directions, and were well suited to modeling irregular meshes. Consistent size and shape of the mesh elements on the thread flanks were important for evaluation of load and stress distributions. For this reason, the mesh close to the bolt holes was well refined whereas a less dense mesh was required far from the bolted plate, where the damage phenomena were expected to be less significant. The details are shown in Fig. 14 .
Local Model Description
In the three-dimensional model just described, the most significant contacts were those between the FRP flanges and the head, stud, and nut of the bolt. Each steel bolt was made up of a head, stud, and nut; the studs were partially threaded. Because the bearing surface was only between the bolt shank and the pultruded flange, the thread length was not considered in the model (Fig. 15) .
In detail, the contact pairs were under-head, stud-to-gusset plate, stud-to-composite, composite-to-gusset plate, under-nut, and studto-nut contact regions, as shown in Fig. 15 . Because these elements were expected to slide over each other, frictional sliding and asymmetric contact pairs were considered (because steel elements were target surfaces). A friction coefficient (k) of 0.2 was assigned to the sliding surfaces (Turvey and Wang 2008) .
The surfaces where the profiles were assembled with the plates were highly tightened to prevent surfaces from sliding over each other, so they were considered to be glued together; bolts were not taken into account.
Before applying the incremental load, torque had to be applied to the bolts to avoid initial damage to the cleats due to the crushing of the material in the direction perpendicular to the fibers (the direction in which the strength was lower).
The relationship between applied thread torque and the bolt's preload could be written in terms of bolt diameter and friction coefficient k, so the thread torque of 20 N · m gave a low preload in each bolt. Considering the cross-sectional area of each bolt shank, the preload corresponded to a prestress value of 46 MPa. Pretension could generally be modeled with temperature, constraint equations, or initial strains. In ANSYS, the pretension element uses constraint equations and the user creates the element and applies the pretension load. In this approach, an initial displacement is applied to the element. Once the solution starts, the initial displacement is considered part of the load on the model.
Progressive failure analysis uses a failure criterion to predict when the material failure initiates and then reduces the stiffness of the failed material to simulate failure progress through the structure. Different failure criteria have been used in the literature for determining the failure of composite elements (Tsai 1987) . The most famous criteria are maximum stress (Agarwal et al. 2006) and maximum strain because they are simple to apply and, more significantly, they describe the mode of failure. However, they neglect the effect of stress interactions. For this reason, these criteria are quite conservative. The interactive criteria, such as Tsai-Wu, TsaiHill, and Hoffmann, include stress interactions in the failure mechanism and predict first-ply failure; however, some effort is required to determine the correct input parameters. Among the numerous failure criteria for composite materials in this study, maximum stress was used, according to which failure occurs when at least one stress component along one of the principle material axes reaches the magnitude of corresponding strength in that direction. The stress limit values are given in Tables 1-3. In ANSYS damage evolution is assumed to be an instant stiffness reduction on the basis of the reduction factor for tensile and compressive stiffness in both tension and compression. This value can range from 0 (no damage) to 1 (complete damage). The results refer to a stiffness reduction factor of 0.9. To choose the most suitable value of this factor, some simulations were performed considering stiffness reduction factor values ranging from 0.9 to 0.999. It seemed that 0.9 was the most appropriate value to describe the global behavior of the node because it allowed the analysis to progress even when the damage to the elements was widely diffused. 
Finite-Element Model: Comparison of Experimental Results
A comparison of experimental tests and numerical simulations showed that the finite-element model could be used to predict the moment-rotation response of the bolted joints. Furthermore, it was observed that the model was able to enhance prediction of global failure and simulate damage initiation and propagation until complete fracture in the static regime occurred. The good correlation between numerical and experimental results allowed validation of the numerical model, which could even be used to monitor damage propagation in all elements.
For Joint A, Fig. 16 shows that the moment-rotation curve predicted by the numerical model matched quite well the experimental curve in the preliminary test; as for the experimental curve until failure, the moment-rotation curve agreed with the numerical results for the maximum moment (approximately 12 kN · m), whereas it was different from the finite-element model prediction for initial stiffness and ultimate rotation. This result was closely related to the stiffness reduction due to progressive damage to the bolted plate characterized by crushing of the material in the vicinity of the bolt-to-hole interface in the preliminary tests. Based on these observations, it could be assumed that if the node had been subjected to the failure static test directly, without the preliminary tests, the numerical result would have matched the real behavior of the connection.
As for Joint B, excellent agreement was obtained between the numerical moment-rotation response and the experimental data. In both cases, the ultimate moment was 21 kN · m and the initial stiffness was approximately 560 kN · m=rad (Fig. 17) .
The finite-element analysis gave a numerical estimate of the node's global behavior, but it could also be used to monitor damage propagation step by step. The failure level could be obtained from the result output according to a legend from 0 (black) when there was no damage to 1 (light gray) if the damage was imminent; white identified areas where failure had already occurred. When the ultimate moment of Joint A was reached, with regard to the bolted plate, the numerical simulation of damage propagation agreed with the experimental data, as can be seen in Fig. 18 . In the upper part of the plate, cracks localized around the head bolt holes; in the lower part, the damage was more extensive, involving bolt rows 7-10 and 9-12. It was clear that the friction between the bolt shank and the hole was the principal factor in damage propagation in the pultruded material. 
Discussion
The two joint configurations, although characterized by different moment-rotation laws, were both significantly influenced by the behavior of the pultruded plate. As a consequence, the momentrotation law was not affected by the flexural deformation of the column or by the deformation of the beam to which it was connected.
In Joint A, widespread damage was observed, especially in the lower part of the connection plate, where the bending moment was maximum. This was expected because the part farthest from the point of force application was the most stressed of the connection. Joint B exhibited instead a local shear-out failure mode in the upper part of the bolted plate, where the column and beam were connected by means of 6 steel bolts; the asymmetric arrangement of steel bolts between the portion of the plate connected to the column and the portion connected to the beam ensured that the damage concentrated where there were fewer bolts. It was clear that a symmetric bolt arrangement was better than an asymmetric arrangement because it induced a uniform stress distribution, leading to a less brittle failure mechanism.
The influence of fiber orientation on the failure mode was crucial; when the orientation was in the pultruded direction along the height of the plate, the bolts crushed the composite material. This was a typical failure mode of bolted joints with composite plates (i.e., the bearing mode). In detail, local bearing failure mode was characterized by crushing of the material in the vicinity of the bolt-to-hole interface; in other words, a shear-out failure occurred characterized by the shear-out part of the composite ahead of the bolt.
Regardless of the failure modes that influence the nonlinearity of the moment-rotation law, it was interesting to compare the curves obtained with those reported in the literature (Turvey and Cooper 2004) . The beam-to-column bolted joints shown in Fig. 20 were between the GRP beams and columns, and the flange cleats either were cut from the pultruded angle section or used universal columns elements. All of these joints had a similar layout but differed with respect to material, number, and diameter of bolts (pultruded or steel), as well type of connection (only bolted or bolted , the bolted joints were between GRP WF-section beams and columns connected by pultruded GRP threaded rods, whereas Mottram used steel bolts and WF-section profiles; in Smith the steel bolted web and flange cleat joints were between pultruded GRP I-section beams and columns (Fig. 21) . These configurations were compared to joints tested in the present work; the comparison showed that the respective stiffness of Joints A and B was in the same range as in other test configurations, but the joints' flexural strength could be up to 20 times higher.
Conclusions
In this paper, an experimental and numerical study of the behavior of two different beam-column bolted joints through an FRP pultruded plate was presented. Based on the results of the analysis, the conclusions described in the following paragraphs can be proposed.
Experimental and numerical results showed that in both joints the global behavior of the connection was substantially influenced by damage progression in the FRP pultruded plate. At initial loading steps, there was little friction resistance and slipping of the connections occurred. Both connections behaved linearly because they failed when the bolts crushed the composite material, which failed in shear-out mode.
Instruments used during the experimental tests confirmed that the global behavior of the joints was not influenced by the stiffness of pultruded profiles; deformations associated with flexure were not observed over all displacements applied to the joints, nor did instability in compressed members appear. This result was desired to emphasize the performance of the bolted FRP pultruded plate, which first influenced the connection as a whole.
As expected, a symmetric bolt arrangement in the FRP pultruded plate induced the highest stress concentrations and failure propagation in the lower part of the plate, where the moment was maximum.
An asymmetric bolt arrangement induced a different failure mechanism-because damage concentrated where there were fewer bolts-in the upper portion of the plate connected to the column. Because stresses and cracks concentrated at few points, the final failure of the joint was sudden and characteristically brittle, with a non-negligible acoustic emission.
The M-θ response of each connection was predicted using an FE model, which accounted for the pretension effect and frictional contacts between the composite and steel surfaces. A good match between experimental and numerical results was observed on both structural profiles and the bolted plate; thus, the chosen failure criterion could be considered satisfactory.
For bolted connections between pultruded profiles, the use of an FRP pultruded plate placed between the webs of the elements, instead of between the web and the flange cleats, is certainly a novelty and leads to the discovery of new mechanisms of failure. Both the experimental and numerical results of this study show that the global behavior of beam-to-column joints is substantially influenced by damage progression in the FRP pultruded plate whereas the column rigidly rotates and the beam remains in its original configuration.
On the basis of the type of joint collapse and the local damage in each FRP pultruded plate, the use of a gusset plate instead of a pultruded one presumably can be related to a general improvement in the performance of this type of complex connection.
